Even though the hybrid phantom embodies both the anatomic reality of voxel phantoms and the deformability of stylized phantoms, it must be voxelized to be used in a Monte Carlo code for dose calculation or some imaging simulation, which incurs the inherent limitations of voxel phantoms. In the present study, a voxel phantom named VKH-Man (Visible Korean HumanMan), was converted to a polygon-surface phantom (PSRK-Man, PolygonSurface Reference Korean-Man), which was then adjusted to the Reference Korean data. Subsequently, the PSRK-Man polygon phantom was directly, without any voxelization process, implemented in the Geant4 Monte Carlo code for dose calculations. The calculated dose values and computation time were then compared with those of HDRK-Man (High Definition Reference Korean-Man), a corresponding voxel phantom adjusted to the same Reference Korean data from the same VKH-Man voxel phantom. Our results showed that the calculated dose values of the PSRK-Man surface phantom agreed well with those of the HDRK-Man voxel phantom. The calculation speed for the PSRK-Man polygon phantom though was 70-150 times slower than that of the HDRK-Man voxel phantom; that speed, however, could be acceptable in some applications, in that direct use of the surface phantom PSRK-Man in Geant4 does not require a separate voxelization process. Computing speed can be enhanced, in future, either by optimizing the Monte Carlo transport kernel for the polygon surfaces or by using modern computing technologies such as grid computing and general-purpose computing on graphics processing units programming.
detailed structure of a personal dosimeter on the chest of a voxel phantom cannot be defined unless it is voxelized and included in the voxel array. Although it is possible to minimize the surrounding air regions using, to define the voxel region, a set of curved surfaces instead of a rectangular array, it is not possible to completely remove those regions. This limitation of the voxel phantom is known to cause significant difficulties in proton beam therapy simulations, where the beam nozzle and additional devices need to be modeled very close to the body region for accurate Monte Carlo dose calculations.
Recently, several investigators constructed surface human phantoms by converting their tomographic voxel phantoms to polygon or non-uniform rational B-spline (NURBS) surface phantoms. The NURBS-based Cardiac-Torso (NCAT) phantom (Segars et al 2001, Segars and Tsui 2002) , the first surface-type torso phantom that could simulate the respiratory movement of the human body, is now widely used in medical imaging simulations. Lee et al (2007) converted a newborn voxel phantom to a NURBS surface phantom, the posture of which they then successfully changed. They also constructed a male newborn phantom from a female newborn phantom by replacing only the genital organs, as well as the UF series of hybrid phantoms (Lee et al 2010) . They were not able, however, to convert the intestines, which have very complicated structures, and accordingly they modeled the intestines simply, using some sigmoid pipe geometries. Xu et al (2007) converted a pregnant-woman voxel phantom to polygon and NURBS phantoms, which were then deformed to generate several different gestational periods for the same person. Nagaoka and Watanabe (2008) converted two Japanese voxel phantoms to polygon phantoms and deformed the posture of the latter using the freeform deformation (FFD) method. Their polygon phantoms differed from those developed in other studies in that the polygon meshes were defined by the vertices of each voxel in the voxel phantoms; that is, all of the voxels were individually and directly converted to polygon meshes. Zhang et al (2009) adopted the three-dimensional (3D) surface anatomy dataset Anatomium TM 3D P1 V2.0 (www.anatomium.com) modeled by 3D modelers to develop the RPI-AM and RPI-AF phantoms. Cassola et al (2010) developed the MASH (Male Adult meSH) and FASH (Female Adult meSH) phantoms based on 3D anatomical models downloaded freely from the Internet, and organs and tissues modeled from scratch using polygon mesh surfaces. All of the above-mentioned tomographic surface phantoms combine the advantages of voxel phantoms (reality) and stylized phantoms (deformability). The current technology yet has a critical limitation however, in that a tomographic surface phantom, after the necessary deformation and modification, has to be converted back to a voxel phantom for dose calculation or imaging simulation in a Monte Carlo simulation code; this 'voxelization' or 're-voxelization' process (Lee et al 2007 , Zhang et al 2009 , unfortunately, resurrects most of the limitations of the voxel phantom. Furthermore, the voxelization process itself is an additional process requiring a significant computing load, which in fact prohibits the use of current technology such as 4D Monte Carlo simulation. In this study, therefore, to avoid the voxelization-incurred limitations of the voxel phantom, a tomographic surface phantom was directly implemented (i.e. without voxelization) in a Monte Carlo code. A high-quality Korean voxel phantom, VKH-Man (Visible Korean Human-Man) , was first converted to a polygon-surface phantom. The phantom's organ surfaces were refined carefully to produce fully enclosed spaces with a minimal number of polygons. Then, the surface phantom was adjusted to the Reference Korean data (Park et al 2006b) for height, weight, and organ and tissue sizes. Finally, the phantom, named PSRK-Man (Polygon-Surface Reference KoreanMan), was directly implemented in Geant4 (Agostinelli et al 2003) for Monte Carlo dose calculations, and the calculated dose values and computing speed were compared with those for HDRK-Man (High Definition Reference Korean-Man) , a voxel phantom constructed from the same VKH-Man and adjusted to the same Reference Korean data. 
Materials and methods

VKH-Man and HDRK-Man
In this study, a polygon phantom named PSRK-Man was constructed by converting the VKHMan voxel phantom to a polygon phantom. Figure 1 shows the VKH-Man voxel phantom, along with some examples of serially sectioned color slice images from the Visible Korean Human project (Park et al 2006a) , which were used to construct the VKH-Man voxel phantom. The resolution of the color slice images was 0.1875 mm × 0.1875 mm in the planar direction and 0.2 mm in the axial direction. The height and weight of the VKH-Man voxel phantom are 164 cm and 57.6 kg, respectively. The phantom, composed of 247 × 141 × 850 voxels (=29 602 950 voxels), has a voxel resolution of 1.875 mm × 1.875 mm × 2 mm in the x, y and z directions, respectively. The VKH-Man voxel phantom does not include breasts, which therefore were additionally modeled, with polygon surfaces, in the present study. The VKH-Man voxel phantom does not match the Reference Korean data; therefore, after being converted to a polygon phantom, it was adjusted to the Reference Korean data for height, weight, and organ and tissue sizes. The PSRK-Man polygon phantom was eventually imported to a Monte Carlo code for dose calculations, after which the calculated dose values were compared with those for the HDRK-Man voxel phantom , which is an adjusted version of the VKHMan voxel phantom; that is, the VKH-Man voxel phantom was adjusted to the Reference Korean data to construct the HDRK-Man voxel phantom. The HDRK-Man voxel phantom is 171 cm in height and 68 kg in weight. Its voxel resolution is 1.981 mm × 1.981 mm × 2.0854 mm, and the size of the voxel array is 247 × 141 × 850 (=29 602 950) in the x, y and z directions, respectively. The phantom includes a total of 30 organs and tissues, including the breast and adipose tissues, which are necessary to calculate effective doses as defined in ICRP Publication 103. Because the PSRK-and HDRK-Man phantoms were adjusted to the same Reference Korean data, they are almost identical in shape, and thus should yield very similar dose results.
In this study, the HDRK-Man voxel phantom was not directly converted to a polygon phantom, as some of the organs in the former were seriously deformed during the adjustment process. This deformation, in fact, would not significantly affect dose calculations, but was considered not to be preferable nonetheless. In the present study therefore, the VKH-Man was first converted to a polygon phantom, which was then adjusted to the Reference Korean data in 3D space, well conforming to the original shapes of the organs.
Construction of polygon surfaces for organs
Most of the organs in the VKH-Man voxel phantom were directly converted to polygon surfaces using the Surface Rendering command of 3D-DOCTOR TM (Able Software Corp., Lexington, MA). To that end, the VKH-Man data were read by the software, and each organ in the phantom was individually rendered using the Simple Surface Rendering command. Then, the polygon-surface data of the organs and tissues were transferred to a 3D modeling software program, Rhinoceros R 4.0 (McNeel, Seattle, WA), whereby the surfaces were refined using the Smooth command and the Mesh Repair tools. It is important that the facets of the polygon surface form a fully enclosed space, which was accomplished mostly using the Check Mesh and Fill Mesh Holes commands. After the refinement processes, the number of the facets was reduced to a reasonable number for Monte Carlo dose calculations, by repeatedly applying the Reduce Mesh command. In each reduction step, the number of facets was reduced by 10%. The sizes of the organs were then adjusted to the Reference Korean data (Park et al 2006b) using the Offset Mesh command, which was also used to construct the inner surfaces of the wall organs. Finally, the organ models were placed in the phantom and checked for any overlapping regions, which were ascertained and adjusted by the Mesh Intersect and Mesh Edit tools, respectively. Figure 2 shows the Rhinoceros R 4.0 process of skin surface refinement from the primitive polygon surface that had been generated by the Simple Surface Rendering command of 3D-DOCTOR TM . The actual thickness of the skin was set to 1.301 mm to match the skin mass to the Reference Korean data (Park et al 2006b) . The skin thickness in figure 2(d) is exaggerated for better visualization. Figure 3 shows the final, post-refinement polygon surface of the skin, consisting of 30 000 polygon facets and having an average polygon size of 1.131 71 cm 2 . The above process was used for construction of the most internal organs, except for the skeletal system and the intestines, for which the voxel resolution of the VKH-Man was inadequate for accurate modeling. Figure 4 shows the polygon surfaces of the post-refinement internal organs.
Constructing accurate surfaces for the skeletal system requires high-resolution image data; therefore, CT images (0.9375 mm × 0.9375 mm planar resolution, 1 mm axial resolution) were used to generate the relevant primitive polygon surfaces. The CT images were acquired from the volunteer of the serially sectioned image data in the Visible Korean Human project, which had been obtained from a body donor (Park et al 2006a) . Then, the same procedure that was used for the skin and internal organs was employed to refine the polygon surfaces. The polygon surface of the skeletal system was divided into 15 different parts, the relative masses of which were then adjusted to the total fresh skeletal weight data in ICRP Publication 70 (ICRP 1995) . Figure 5 shows the skull and mandible models, before and after reducing the polygons. Figure 6 shows the post-refinement models of the entire skeletal system. Accurate conversion of the small and large intestines to polygon surfaces is challenging, owing to the fact that the paths of the intestines are very complicated and arbitrarily twisted. The previous investigators, therefore, have replaced the intestines with some artificial pipelines (Lee et al 2007 . The present study addressed this problem by generating the contours along the paths of the intestines and using the contours to generate polygon surfaces. For this, the image resolution of the original serially sectioned images (0.1875 mm × 0.1875 mm × 0.2 mm) was first reduced to 0.7924 mm × 0.7924 mm × 0.4 mm, after which it was directly rendered to generate the primitive polygon surfaces in 3D-DOCTOR TM (figure 7(a)). Then, the polygon surfaces were transferred to Rhinoceros R 4.0 and used to generate the contours of the intestines along their paths with the Section command (figure 7(b)). The NURBS surfaces were then generated by linking the contours with the Loft command (figure 7(c)), and finally, were converted back to polygon surfaces with the Mesh command (figure 7(d)). The generated polygon surfaces were only for the exterior surfaces of the intestines; the interior surfaces of the intestinal walls were generated by defining the thicknesses of those walls using the surface offset technique considering the mass of the intestines (figure 7(e)). The blood voxels (aorta) of the VKH-Man voxel phantom were converted to polygon surfaces using a procedure similar to that used for the intestines (figure 5). The inner surface of the blood model was not defined because it was difficult to eliminate the intersections between the inner and outer surfaces using only a small number of polygons.
The body donor of the serially sectioned image data had died of leukemia, and the spleen was several times larger than that of an average person. In a previous study on the development of the HDRK-Man voxel phantom , the size of the spleen was reduced by the erosion technique on two-dimensional planes; the adjustment was indeed unrealistic, having significantly distorted the spleen's shape ( figure 8(a) ). In this study, the size of the spleen was adjusted in 3D space by the surface offset technique, and the result was much more realistic (figure 8(b)), which is the reason why VKH-Man instead of HDRK-Man was used to develop the PSRK-Man polygon phantom.
The red bone marrow (RBM) and lymphatic nodes, distributed over the entire body, were not modeled in the PSRK-Man polygon phantom, due to technical difficulties entailed in the current technologies. In PSRK-Man, the composition and density of the bone were adjusted to include the RBM, allowing for RBM dose estimation by calculation of the detailed dose distribution in the entire skeletal system, following the conventional approach for stylized phantoms (Cristy and Eckerman 1987) . The dose to the lymphatic nodes can be estimated by calculating the dose to the blood (Ferrari and Gualdrini 2005) . Because the muscle and adipose tissue in the PSRK-Man polygon phantom were not separated, the volume of the inner surface of the skin, excluding explicitly separated internal organs, was defined as the residual soft tissue (RST). The density of the RST was determined as the mass-weighted average of the muscle and adipose tissue of the HDRK-Man (Lee et al 2007) . Finally, the total weight of the PSRK-Man was matched to the Reference Korean data (=68 kg).
Implementation in Geant4 for Monte Carlo dose calculations
The PSRK-Man polygon phantom was transferred for dose calculations to Geant4 using the G4TessellatedSolid class, which was originally developed for importing computer-aided design (CAD) models. To that end, the organ names and the vertices of the polygon surfaces were exported from Rhinoceros R 4.0 to a raw file format. In the present study, a Geant4 class, which provides a convenient means of adding or extracting polygon-surface objects in Geant4 geometry, was developed to import the raw file to the Geant4 code. The polygon-surface object of the G4TessellatedSolid class, for Monte Carlo dose calculation purposes in Geant4, should be fully enclosed without any abnormal surfaces. If there is any imperfection or interference, the Geant4 code is terminated, indicating that it cannot determine whether a given point is inside or outside of a volume. Therefore, only after confirming that there was no imperfection or interference were the vertex coordinates of the individual triangular facets transferred to the G4TessellatedSolid class. The HDRK-Man voxel phantom was transferred to the Geant4 code using the G4VNestedParameterisation class, and to the MCNPX code (Pelowitz 2005) for dose calculations.
The present study calculated radiation doses for a broad parallel photon beam of different directionalities. To generate such a beam, a 90 cm radius disk emitting photons in the direction of its surface normal vector was defined 100 cm from the phantom. The whole system was filled with air. For each simulation, the source disk emitted 10 7 photons, which correspond to a photon fluence of approximately 3.93 × 10 2 cm −2 at the phantom location. The dose calculations were performed using a personal computer equipped with a 2.4 GHz Intel Core TM 2 Quad Processor Q6600 and 4 GB RAM. The present study calculated the organ doses to some selected organs (skin, bone, lungs, large intestine, small intestine and spleen) and the statistical errors of the organ dose values were less than 3% for both the polygon and voxel phantoms. Figure 9 shows the PSRK-Man polygon phantom developed in the present study. The height and weight are 171 cm and 68 kg, respectively. Table 1 lists the organs and related numerical data, the polygon model conversions, and the organ-mass data of the HDRK-Man voxel phantom and Reference Korean. The skeletal system was divided into 15 parts, the relative masses of which were adjusted to the total fresh skeletal weight data for the adult male in ICRP Publication 70 (table 2). The polygon phantom now included 26 organs and tissues (=65 polygon objects) that are necessary to calculate the effective dose as defined in ICRP Publication 103. The RBM and lymphatic nodes were not modeled in the PSRK-Man polygon phantom. The doses to these tissues can be determined from the doses of the entire skeleton system and blood. The residual soft tissue (RST) was defined including the muscle and adipose tissue. The PSRK-Man polygon phantom is composed of 120 850 polygons, the average area of each polygon facet being 0.50 927 cm 2 . Table 1 shows that the organ masses of the PSRKMan polygon phantom exactly match those in the Reference Korean data. The differences in the organ masses between PSRK-Man and HDRK-Man were less than 7.8%, excepting the skin, blood, oral mucosa and lenses. It should be noted that the detailed organ shapes in these two phantoms are not identical, due to the fact that the respective organ volume adjustment methods differed. For the HDRK-Man voxel phantom, the adjustment had to be performed by erosion and dilation on two-dimensional image planes, whereas it was possible to adjust the PSRK-Man polygon phantom in 3D space (figure 8). The PSRK-Man polygon phantom was implemented in Geant4 for dose calculation purposes. Figure 10 shows the PSRK-Man and HDRK-Man phantoms as implemented in Geant4.
Results and discussion
PSRK-Man
Comparison of organ doses
The absorbed doses to the five selected organs (skin, bone, large intestine, blood and spleen) were calculated for the PSRK-Man and HDRK-Man phantoms by transporting photons and resulting secondary electrons, using the standard electromagnetic (EM) package of Geant4.9.2.p01. The irradiation geometries considered were broad parallel photon beams of anterior-posterior (AP), posterior-anterior (PA) and left-lateral (LL) directions. The deposited energies in the organs were calculated with the G4PSEnergyDeposit scorer class. These energies were then divided by the mass of each organ to calculate the organ-averaged absorbed doses. To confirm the results calculated by the Geant4 code, the organ doses of the HDRK-Man also were calculated, using the MCNPX code. To calculate the DCC values for the organs, the calculated organ dose values were divided by the air kerma (K a ) values determined for the same irradiation geometries. Figures 11-15 show comparisons between the PSRK-Man and HDRK-Man phantoms for the skin, bone, large intestine, blood and spleen DCC values, respectively. The maximum differences were 10.4% (skin, AP), 19.7% (bone, PA), 26.5% (large intestine, PA), 43.8% (blood, PA) and 73.1% (spleen, PA) for photon energies 0.03 MeV; these discrepancies were caused mainly by the differences in the detailed geometries of the PSRK-Man and HDRK-Man phantoms, and partly by the statistical uncertainties in the calculated values.
Comparison of computation times
The computation times of the PSRK-Man and HDRK-Man phantoms were compared. Preparatorily, the AP irradiation geometry was calculated using only one central processing unit (CPU) of the 2.4 GHz Intel Core TM 2 Quad Processor Q6600. Two different types of PSRK-Man phantom were calculated. In one phantom, each half of a paired organ was defined as a separate object (e.g., left-lung object and right-lung object, see figure 16(a) ), whereas in the other phantom, a paired organ was defined as a single object (e.g., lung object, see figure 16 (b)). Table 3 compares the PSRK-Man and HDRK-Man computation times for different photon energies. An identical number of photons (=10 7 photons) were simulated in each case. The MCNPX and Geant4 computation times for the HDRK-Man were similar when the photon energy was low ( 0.4 MeV), whereas Geant4 was much faster than MCNPX for higher-energy photons. Geant4 was about six times faster than MCNPX at 10 MeV. In the Geant4 code, the PSRK-Man polygon phantom was slower than the HDRK-Man voxel phantom by a factor of 70-150 (table 3, column 7). This result is reasonable, considering that the G4TessellatedSolid class calculates the distances to every surface facet from every step position of a particle to find the minimum distance, which is a very time-consuming process. Note that the computation time depends on primary particle type, used physics models and secondary particle production cut values (or energy cut-off). For neutron beam, the polygon phantom was slower than the voxel phantom by 1.6-2.9 times only (Kim et al 2010) . It is acknowledged that direct comparison of these two different types of phantoms for computation speed has very limited implications; however, it provides at least a general idea of the speed of a polygon-surface phantom in comparison with a comparable voxel phantom. The computing speed can be enhanced in future, either by optimizing the Monte Carlo transport kernel to the polygon surfaces or by using modern computing technologies such as grid computing and general-purpose computing on graphics processing units (GPGPU) programming. We indeed expect that the polygon phantom could be more profitable than the voxel phantom for linking with GPGPU computing, because the particle transport algorithm in polygons has a very similar process for visualization of 3D objects in computer graphics. PSRK-Man with the separate-object organ models was faster than PSRK-Man with the single-object organ models, by a factor of 1.3-1.7 (table 3, column 8). During particle transportation between polygon objects, the G4TessellatedSolid class, before calculating the distances to every surface facet, first determines whether the particle position is inside or outside the bounding boxes of the objects. A bounding box is defined according to the minimum and maximum coordinates of a polygon object (figure 16). If the particle position is outside the bounding box of an object, the distance is not calculated for the facets of the object. Therefore, the overlap region between the bounding boxes needs to be minimized for faster simulation in the polygon phantom. 
Effect of using low-energy physics model
The Geant4 code provides many different physics models from among which code users can choose. This study compared the standard and low-energy EM physics packages of Geant4.9.2.p01 for three different photon energies. The standard EM package covers the 1 keV-1 TeV particle energy range, and the low-energy EM package covers the 250 eV-100 GeV energy range for photons and electrons. Table 4 shows that there is no significant difference between the dose values calculated by the standard and low-energy EM physics packages. The difference in computation time also was negligible (difference: < 3%), which is interesting considering that the low-energy EM package is generally much slower than the standard EM package in a voxel phantom. For example, the calculation for the HDRK-Man voxel phantom shows that the low-energy EM package is 5-10 times slower than the standard EM package.
Conclusions
In the present study, a tomographic polygon phantom, named PSRK-Man, was constructed and successfully implemented in Geant4 for Monte Carlo dose calculations. The PSRK-Man polygon phantom is the first anthropomorphic phantom of its kind to be directly implemented in a Monte Carlo code. The phantom includes very accurate models of small and large intestines that precisely match the real intestines. The phantom is not bound by the limitations of the conventional voxel phantoms; that is, (1) the polygon phantom can model very thin structures such as bone endosteum, skin and oral mucosa, (2) the phantom's deformation is relatively easy, which eventually enables 4D Monte Carlo simulations necessary in some medical applications, (3) the phantom suffers less from the effect of stair-stepped organ surfaces, which is very advantageous in medical imaging simulation studies, and (4) the phantom does not include any additional air regions, and additional structures can be freely defined very close to the phantom, or even within it. The calculated dose values of the PSRK-Man polygon phantom agreed with those of the corresponding voxel phantom, HDRK-Man, which is almost identical to the former in shape and material compositions. The calculation speed for the PSRK-Man polygon phantom was, however, found to be 70-150 times slower than that for the HDRK-Man voxel phantom, which could be considered acceptable in some applications nonetheless, in that direct use of the surface phantom in Geant4 does not require a separate voxelization process. The computing speed can be enhanced in future, either by optimizing the Monte Carlo transport kernel to the polygon surfaces or by using modern computing technologies such as grid computing and GPGPU programming. Currently, construction of a tomographic polygon phantom is not fully automatic, requiring, as in voxel phantom construction, frequent human intervention; it seems possible though that general procedures for rapid production of polygon surfaces for the outer body and most internal organs will be developed.
